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Abstract. We use observations from the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) of the north polar cap during late summer for two
Martian years, to monitor the complete summer cycle of albedo and water ice
grain size in order to place quantitative limits of the amount of water ice
deposited in late summer.
We establish here for the first time the complete spring to summer cycle of water
ice grain sizes on the north polar cap. The apparent grain sizes grow until
Ls=132, when they appear to shrink again, until they are obscured at the end of
summer by the north polar hood. 
Under the assumption that the shrinking of grain sizes is due to the deposition of
find grained ice, we quantify the amount of water ice deposited per Martian
boreal summer, and estimate the amount of water ice that must be transported
equatorward.
Interestingly, we find that the relative amount of water ice deposited in the north
cap during boreal summer (0.7-7 microns) is roughly equivalent to the average
amount of water ice deposited on the south polar cap during austral summer
(0.6-6 microns).
Summary. We use CRISM mapping observations of the Martian north polar cap
to quantify the deposition of water ice in summer. We present albedo and water
ice grain size maps of the entire north polar region at four points during Mars
Year 28. Using spectra collected from Mars Years 28 and 29, we find that surface
water ice grain sizes increase until Ls=132, after which they shrink until the north
polar cap obscures them at Ls=165.
Key Point 1. 0.7-7 microns of water ice deposited on the north polar cap in
summer
Key Point 2. Water ice grain sizes grow in spring/early summer, then shrink in
mid summer
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Key Point 3. Similar amounts of H2O ice are deposited each summer in north
and south poles
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1. Introduction
The Martian water cycle is crucial to the understanding of geodynamics of the
atmosphere, surface and sub-surface of the planet (Clifford, 1993). Since the
Viking mission, the north polar cap has been understood as the most important
source and sink of modern day Martian water ice (Farmer et al., 1976; Kieffer et
al., 1976). The sublimation and deposition of water ice and dust have created an
important record of layering in the North Polar Layered Deposits (NPLD)
(Fishbaugh and Head, 2005). The residual ice cap on top of the NPLD is thought
to be approximately one meter thick (Byrne, 2009).
It has recently been reported that the north polar cap albedo decreases due to
water ice grain growth during early summer (aerocentric longitude or Ls=93-127,
where Ls=90 is northern summer solstice (Langevin et al., 2005)). The presence
of large grained ice at the start of summer has been interpreted to mean that the
north polar residual ice cap is in an ablative state during Martian summer and is
currently losing mass, although that “due to its thin nature this situation cannot
persist for long” (Byrne, 2009).
However, the observations we report here indicate that the decreasing albedos
reported by Langevin do not persist past early summer, and in fact, the near
infrared albedo increases from Ls=132-167 at the same location examined by
Langevin et al.. As we shall show, this behavior has now been established over
multiple Martian summers.
Kieffer (1987) first suggested the possibility of water ice being deposited onto the
north polar cap to brighten the albedo of the cap. Kieffer (1990) used a thermal
metamorphism model and models of ice-dust mixtures to infer that the north
polar cap must be composed of either 1.) “old, coarse and clean” or 2.) “young,
fine and dirty” ice. In this paper, we show definitively that it is both - only a
combination of both fine and coarse grained ice can explain the CRISM spectra
we will show below.
Using Mariner 9 and Viking imagery, Bass et al. (2000) determined that the
albedo of the polar cap brightened during late summer, after darkening in early
summer. They performed radiative transfer models of albedos that they saw
during late summer using fine grained deposition with Mie spheres. They could
not determine the size of the H2O ice grains or the entrained dust within the cap
because they only had one albedo in the visible available. 
Bass et al. (2000) suggest that in order to model their Viking Orbiter imaging data
results, new layers of water ice are required during late summer - with deposition
depths that total at least 14 microns (for small grains) or 25 microns (for large
grains) per season. This tallies well with the findings of Hart and Jakosky (Hart
and Jakosky, 1986) who found that at the Viking 2 lander site, a decrease of 5%
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in reflectance corresponded to 10 microns of water ice deposited during one
Martian summer.
Bass et al. preferred the explanation of deposition of new ice rather than creation
of suncaps or cracks (Bass et al. p. 390) because those processes require old
ice with lower albedo. Bass et al. also established that the albedo brightening
was not due to cloud activity by showing no increase in albedo from dark
adjacent areas to the bright cap.
Bass and Paige (2000) used Viking IR thermal mapper (IRTM) and MAWD
measurements to determine the peak of water vapor above the north polar cap.
They found that the lowest visible albedo was between Ls=93-103 and water
vapour was not released until Ls=103. They found the visible albedo increased
after Ls=103, and the temperatures were too warm for re-deposition of CO2 ice.
They found the center of the cap would be an area of preferred deposition (and
anomalous albedo) because it was colder than the rest of the cap. They
presented a model (their Fig. 11) of the ice cap as a cold trap for water vapor.
Cantor et al. (2011) used MARCI visible image data to track dust storms and
changes in the albedo of the north polar cap. Cantor et al. point out that spiral
dust storms intersect the cap during summer. For example, Figures 18 and 20 of
Cantor et al. Showing dust deposition resulting in decreases in albedo (especially
on the edge of the cap) during storms in late summer. Therefore, dust has the
effect of darkening the polar cap, whereas in this study we are interested in the
phenomenon of cap brightening.
2. Methods
We have used two instruments to make our observations of the north polar cap.
The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) is a
visible to near-infrared spectrometer on Mars Reconnaissance Orbiter (MRO)
spacecraft that is sensitive to near infrared (NIR) light from ~0.39 to ~3.9μm and
is operated by the Applied Physics Laboratory at Johns Hopkins University
(Murchie et al., 2007). The MARs Color Imager (MARCI) camera is a super wide
angle, fish eye lens instrument with 1024 pixels-wide CCD, also on MRO, that is
operated by Malin Space Science Systems (Malin et al., 2001).
In CRISM mapping mode 10x binning is employed in the cross-track direction,
consequently the mapping swathes we use have 60 pixels across, covering
approximately 10.8km on the surface with a resolution of ~182m on the surface.
The length of each swathe is controlled by exposure time and is variable
depending on commands sent to MRO.
We produced mosaics of all the CRISM mapping data available for each two
week period (equivalent to the time of an MRO planning cycle). Each mosaic is in
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polar stereographic projection and stretches to 75S. Figure 1 shows the area
covered by each mosaic as a MARCI image of the north polar cap.
Water ice can be mapped on the surface using spectral band fitting techniques
(Brown, 2006; Brown et al., 2008b) on the near infrared mosaics and exploiting
the strong 1.25μm and 1.5μm water ice absorption bands (Brown et al., 2012).
The presence of a strong water ice band is also indicative of large grained water
ice, and because these size grains would not have a long residence time in the
thin Martian atmosphere, they cannot be confused with water ice clouds (Brown
et al., 2010), therefore for this study we have made no effort to remove
atmospheric effects from the CRISM data. We have, however, used MARCI to
examine the state of the atmosphere during the mid-to-late summer period for
these Martian years and no significant dust storms were apparent over the polar
residual cap during the relevant Ls=132-167 period. Since Viking we have known
of thin spiral clouds that appear to form near the cap edge and move south
toward the equator during summer (French and Gierasch, 1979) however these
are rare (Kahn, 1984) and MARCI images confirmed these clouds do not move
towards the polar cap or obscure it from view during the Ls=132-167 period.
Throughout this paper, we will refer to the “H2O ice index” first used by Langevin
et al. (2007) and adjusted for use with CRISM by Brown et al. (2010). The
formula for this index is:
H2Oindex=1−
R(1.5)
R (1.394)0.7R(1.75)0.3
(1)
where R(λ) indicates the reflectance at the wavelength λ in μm. The index is high
when water ice is present and low when it is not, and it increases as larger grain
water ice is present (Warren, 1982; Brown et al., 2008a).
Atmospheric complications. Recent studies have highlighted the role of the
atmosphere in affecting the apparent albedo of the north polar cap. Calvin et al.
(2014) used visible MARCI data to observe seasonal changes in the north polar
cap in a period overlapping our CRISM dataset. Observations of MARCI mosaic
images over the north polar cap for this study show that the early summer period
is almost completely clear of clouds (Ls=100-120). After Ls=120, patchy baroclinic
(vortex) clouds appear, and by Ls=140, there are multiple cloud systems around
the cap, though apparently not over the NPRC itself. By Ls=150, a thin haze of
cloud envelopes the entire pole out to around 60°N. Around Ls=160-165, the have
rapidly becomes the thick cover of the north polar hood. Benson et al. (2011)
(their Figure 3b and c) shows that the transition to the thick hood occurs at
Ls=165.
The role of atmospheric contamination is particularly important because as water
ice clouds form, they will masquerade for the very signal we wish to measure, of
fine grained ice forming on the cap. Therefore, we have carried out an analysis
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described in the Appendix to estimate when the polar cap has become too thick
for reliable quantification of ice deposition. Our best estimate is that the polar
hood becomes obscuring in the near infrared spectral albedo at Ls=165. This is in
agreement with the results of Benson et al., despite the fact that MCS is sensitive
to longer wavelengths than CRISM. Note that the visible observations (such as
those measured by MARCI) are affected more robustly by the polar hood – the
visible albedo is markedly affected by Ls=150.
We remark that this task of surface-atmospheric separation will become far
easier to address (along with many other Martian climate questions) when a
suitably purposed multiwavelength LIDAR is eventually in orbit at the Red Planet
(Brown et al., 2014a).
3. Observations
Grain Size and Albedo Maps. Pole-wide maps of the H2O index and albedo are
presented in Figure 2 and 3. These show that the H2O index decreases over the
Ls=132-167 period and outlines the spatial extent of this effect. It is readily
apparent from the red color that changes to green in the later mosaics that the
H2O index falls across the entire cap during this time.
Depositional patterns. As can be seen from the CRISM mosaics, the effect is
confined sharply to the north polar cap, and does not extend beyond the cap
edge. This argues against an atmospheric origin for this process since CRISM
has been previously be shown to be capable of detecting thin Martian water ice
clouds extending beyond the edge of the cap in the southern polar region (Brown
et al., 2010).
Spectra from 'Point B'. Figure 4 shows individual spectra (no averaging has
been done) from 45ºE, 85ºN (point 550, 550 on our 1000x1000 pixel mosaics).
This is as close as we could get to a point examined by Langevin et al. (Langevin
et al., 2005) which they termed ‘Point B’ at 42.5ºE, 85.2ºN. This is very close to
the point called ‘McMurdo’ in the Calvin and Titus study (Calvin and Titus, 2008)
and is examined by Fig. 7 of the Byrne et al. (2008). The two points, 'Point B’ and
'McMurdo' are both on the spur connecting Planum Boreum (the main part of the
cap) to Gemini Lingula (the tongue below the main body in Figure 1). Figure 2-3
mosaics support the assumption that spectra of 'Point B' and 'McMurdo' behave
similarly during late summer, therefore we only examine 'Point B' closely in this
paper.
Timing of NIR albedo increase. The spectra in Figure 4 show an increase in
albedo across the NIR (1.25-2.5 μm), particularly from Ls=132-153, and then the
albedo appears to stabilize. It is also of interest to note the albedo at around 1
μm remains steady across the late summer, as has been reported by Calvin and
Titus and Byrne et al.. This is because for a water ice spectrum, the 1 μm region
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is less sensitive to grain size changes than the NIR (Grenfell et al., 1981, Figure
3) particularly in the presence of contaminants, which serve to control the visible
albedo (e.g. on Mars). This is discussed further below in Section 5.
Our best estimate of the timing of the albedo increase comes from Figure 4b,
which shows all the available NIR spectra for MY29 at Point B. The spectra
decrease from Ls=85-111, then hold steady until Ls=131-137 when the spectrum
amplitude begins to increase again. Observations are ended by the polar hood.
Interannual Variations in H2O index. In order to establish that this process is a
multi-year cycle, we have extracted individual spectra from regions close to Point
B and have plotted the H2O ice index for these spectra in Figure 5. Coverage in
Martian year 29 is not quite as comprehensive, however we were able to
establish that the H2O index behaves in a similar manner (i.e. it decreases)
through the mid-to-late summer across multiple Martian years.
4. Modeling
We have carried out radiative transfer modeling using the model proposed by
Shkuratov et al. (1999) which is a simplified 1 dimensional model that allows us
to interpret the decoupling of visible and near infrared albedos in an ice pack.
The spectra were taken from Point B in mid and late summer and are shown in
Figure 6a and b.
The task of modeling the infrared albedo of an ice pack is challenging, so we
simplified our model and set the goals as conservatively as possible.
Our modeling goal is to quantify the amount of deposition of fine grained water
ice between these two points in spacetime. To that end, we created a three-
component models using fine and coarse ice and dust. We used the optical
constants of water ice (Warren, 1984) and palagonite (Roush et al., 1991) as a
Martian dust analog. The porosity (‘q’ factor in Shkuratov’s equations) is set to
0.3, corresponding to 30% ice/dust and 70% pores to simulate porous snowpack.
In the first run, we attempted to match the MY 28 Ls=135.25 spectrum from
Figure 4 (also reproduced in Figure 6a). We found that it was necessary to use a
coarse and fine grained water ice component in order to achieve good fits to the
data. We carried out a constrained iterative fit, as described in (Brown et al.,
2014b).
We found a good fit to the data was achieved when the coarse grain diameters
were 1350 microns (30% by volume) and fine grained component of 25 microns
(60% by volume). The dust was constrained to 10% of the mixture by volume and
we found this produced a grain size of 270 microns. This is summarized in Table
1.
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In our second scenario, we tried to model the Ls=163.85 spectrum using a ceteris
paribus assumption (Reutlinger et al., 2011). We simulated the deposition of fine
grained water ice by constraining the coarse and fine ice component grain size,
and the dust grain size and volume fraction, and let the volume fraction of the
coarse and fine grained components float.
We found that a good fit was achieved for coarse grained water ice volume
fractions of 20% and fine grained ice components of 70% by volume. The results
are again summarized in Table 1.
Component Reference Best fit 
grain size
(microns)
Best fit
concentration
Ls=135.25
Best fit
concentration
Ls=163.85
Coarse H2O ice Warren (1984) 1350 30 20
Fine H2O ice Warren (1984) 25 60 70
Palagonite (soil) Roush et al.
(1991)
270 10 10
Table 1 – Details of the best fit parameters for the CRISM spectrum in Figure 5. The fit was
applied over the spectral range from 1.02-2.5 microns. In this range, using wavelengths from the
CRISM MSP range, there are 42 bands. The porosity was constrained to be 0.3 (30% ice, 70%
vacant pores).
Quantification of deposition. In order to estimate how much water ice has been
deposited on the north polar cap between Ls=135 and Ls=164 it is necessary to
make some simplifying assumptions. We assume that the 10% extra volume of
coverage of the fine grained ice all corresponds to freshly deposited water ice,
roughly in a porous layer on top of the pre-existing snowpack. Because this layer
makes up 10% of a 70% porous snowpack, we assume this equates to 3% total
additional fine grained snow. This is an effective added layer of thickness when
the new ice is evenly spread. As discussed in Brown et al. (2014), we then make
the minimal assumption that the photon scattering corresponds to 1 pass through
the snowpack (this gives us the minimal amount of water ice deposited to explain
the signature change), and convert our 25 micron grains to 0.03*25=0.75 microns
of deposition. As discussed in Brown et al. (2014b), this is conservative and in
water ice in the infrared light may travel through up to 10 times as much material
(or greater distances in visible light (Bohren, 1983)). This would lead to maximal
estimates of 7.5 microns of deposition.
Comparison to other RT models. We also used the Hapke radiative transfer
model used in Beccara et al. (2014) to carry out a comparison to the Shkuratov
model. We found qualitative agreement between the two models (e.g. adding fine
grained water ice gave higher NIR albedos). We found the Hapke model required
significantly less volume of fine grained ice (0.5%) required to replicate the NIR
spectral signature than the Shkuratov model (10%). For consistency with our
previous work, we stick with the Shkuratov model for this paper, acknowledging
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that both models are only approximate. We intend to investigate these
differences in greater extent in future work.
We can compare our estimates of amount of water ice deposition to the amounts
of water ice and vapor from previous studies. Using TES data, Smith (2004)
found that a plume of water vapor of strength 40 pr-μm (e.g. his Figure 5) was
present over the north polar cap from Ls=90-150, when it decreases markedly to
around 20 pr-μm. In broad terms, this requires that roughly 20 pr-μm of water ice
is either deposited on the polar cap or travels equatorward at Ls=150.
Bass et al. (2000) estimated 14 microns of water ice may have been deposited
on the north polar cap (we disregard their coarse grain deposition figure, which
we believe to be an unlikely scenario after the results discussed herein). This
leaves 6 pr-μm to travel equatorward.
Our calculations suggest that a range of 0.7-7.5 microns of water ice is deposited
in the Ls=135-164 time period. This is about half of the Bass et al. (2000)
estimate and leaves 13-19 pr-μm of water vapor to travel equatorward.
5. Discussion
In the near infrared, when dust or soot is present, the visible albedo (<1μm) is
strongly controlled by the amount and type of contaminant. In the model we have
proposed, this is the case – there is a background dust amount that “locks in” the
visible albedo. The NIR albedo (>1μm) has increased with decreasing grain size,
therefore we have reproduced the decoupling between visible and near infrared
albedos as a result of water ice grain size decreases. This decoupling effect has
been known for some time (Warren and Wiscombe, 1980) and has been
observed in the Antarctic (where the water ice is much cleaner than the Martian
north pole and visible albedos higher, usually > 0.9) (Grenfell et al., 1994). This
situation is the key to why CRISM NIR observations are so critical to determining
ice grain sizes.
We shall now run through three scenarios to explain the observed spectral
changes in the NIR, finishing with our preferred alternative.
Scenario #1 Physical brake up. One possible explanation for the spectral
changes is that the large grains of water ice are being decimated in the course of
the summer, causing cracks and asperities to appear, increasing the number of
scattering centers in the ice (which is equivalent to decreasing the grain size).
However, this process requires an established old snowpack and so is not a
preferred option.
Scenario #2 Removal of covering of coarse grained ice. A second alternative
is that fine grained water ice that was stratigraphically lower (and optically
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obscured) by the large grain water ice is being revealed as the large grains
sublimate entirely.
Scenario #3 Deposition of fine grained water ice. The scenario of water vapor
or fine grained water ice is being deposited on top of the large grained water ice
during this period. This is consistent with MAWD (Farmer et al., 1977), TES
(Smith, 2004) and CRISM (Smith et al., 2013) observations that show a decrease
in north polar water vapor after Ls=120, which has been used to argue for water
vapor deposition in a polar circulation model that rises at the cap edge and sinks
in the cap interior (Haberle and Jakosky, 1990). We favor this last alternative of
ice deposition due to the requirement to add a fine grained water ice component
to fit the models to the spectra, however we do not consider the simple radiative
transfer modeling we have done sufficient to completely rule out the other two
alternatives.
North Polar Heat Budget Implications. Irrespective of which of the three
scenarios (or even a combination of the three) turns out to be correct, the
process we have quantified here has an important effect on the energy balance
and state of the residual water ice cap. A higher near infrared albedo will reflect
more sunlight in the 1.25-2.5μm region, causing less heating of the ice, and
therefore less sublimation. The cap may even be potentially recharged with
redeposited water vapor creating fine water ice grains (Haberle and Jakosky,
1990).
The deposition patterns mapped in Figure 2 and 3 demonstrate enhancements
are needed to state of the art models of the north polar cap dynamics using
Martian Global Circulation Models or mesoscale models (e.g (Tyler and Barnes,
2005)).
Comparison to south polar deposition. The scattering calculations presented
herein estimate that a thin film around 0.7-7 microns deep on average is
deposited in the Ls=135-164 period. This compares very closely to the results of
deposition on the south pole during summer, where an average layer 0.6-6
microns deep is estimated (Brown et al. (2014b)). This result may be concerning,
particularly due to the large amount of water vapor present over the north polar
cap in comparison the south polar cap. However, mitigating against this are the
relative sizes of the caps, and the temperature of the substrates.
This interesting measurement of relative equality of water ice deposition
thickness on both polar caps may just be coincidental but it invites future model
comparisons.
Volatile measurements during polar night. We have to assume that further
water ice deposition is likely after Ls=167, which is our last observation time for
MY28. After this point, as the sun drops below the horizon in the Martian arctic,
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water ice deposition would ideally by measured by a future LIDAR mission
(Brown et al., 2014a).
Comparison to Antarctica. Finally, we wish to contrast the behavior of the
Martian northern ice cap with the Antarctic ice sheet. Jin et al. (2008) used
MODIS data at 0.64 and 1.64μm each year from 2000 to 2005 supported by field
observations to map albedos and model water ice grain size across the Antarctic
and found that in November (beginning of austral summer) ice grains are
typically 50 microns radius and they steadily increase in radius up to 210 microns
by February. No hint of an increase in the 1.64μm channel is apparent in their
maps for the five year period. The key difference between the Antarctic and the
Martian north pole is the temperature and increased humidity, which allows the
Antarctic ice to grow by sintering throughout summer. However, as we have
shown here, the Martian ice cap is struck each year by fine grained ice which
increases the albedo and decreases the H2O index.
Similar results for grain size increases in the Greenland ice sheet have been
reported by Nolin and collaborators (Nolin, 1998; Nolin and Stroeve, 1997). A
more recent study by Lyapustin et al. (2009) used MODIS to derive grain sizes
for Greenland ice during the summer of 2004, revealing a complex pattern of
increasing grain sizes as melting occurred on the periphery of the cap. The
derived grain size decreased after melting removed large grains. Although we do
not advocate melting on Mars, a process of ablation and sublimation may be part
of the eventual explanation for this intriguing, widespread and repeatable polar
phenomenon.
6. Conclusions
This investigation has quantified the deposition of water ice on the Martian north
polar cap during late summer. We have found the following:
1. Water ice absorption bands grow on the north polar cap from the end of
springtime (Ls=85) until Ls=132-137. This could be due to thermal metamorphism
of water ice (Eluszkiewicz, 1993), resulting in growth of grains as they age, or to
removal of a coating of fine grains by wind or sublimation, revealing larger
grained ice beneath.
2. After Ls=132-137 (see Figure 4a and b), the absorption bands depths begin to
decrease, consistent with the deposition of fine grained ice.
3. Using assumptions inherent in our radiative transfer scheme, the water ice
coarse grain sizes we derive have average diameters of 1350 microns. We
estimate that the fine grained ice at Ls=135 occupies 60% by volume and has a
grain size of 25 microns. By Ls=164, this fraction has expanded to 70% by
volume at the expense of the coarse grained ice.
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4. Making simple assumptions regarding the scattering properties of the ice cap,
we estimate that a thin film around 0.7-7 microns deep. This compares very
closely to the results of deposition on the south pole during summer, where a
layer 0.6-6 microns deep is estimated (Brown et al., 2014b).
5. Using TES data, Smith et al. (2004) found a plume of water vapor of strength
40 pr-μm over the north polar cap from Ls=90-150, which then decreases to
around 20 pr-μm. Bass et al. (2000) estimated 14 microns of water ice may have
been deposited on the north polar cap leaving 6 pr-μm to travel equatorward.
The calculations presented here suggest that a range of 0.7-7.5 microns of water
ice is deposited in the Ls=135-164 time period. This is about half of the Bass et
al. (2000) estimate and leaves 13-19 pr-μm of water vapor to travel equatorward.
6. The apparent deposition pattern of water ice on the north polar cap favors the
Gemina Lingulae region of the cap and invites further mesoscale modeling of this
depositional process.
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Appendix – Polar Hood Opacities
In order to determine the polar hood NIR opacities, which are particular to the
CRISM instrument and different from visible opacities available from the MARCI
dataset, we use the CRISM dataset itself to constrain the timing and thickness of
the north polar hood. We do this in order to rule out atmospheric interference that
would undermine our quantitative findings.
In MY28, at the start of the MRO CRISM mission, a large number of full
resolution observations were obtained at the Phoenix landing site at 68.22N,
234.3E in preparation for the landing in summer of MY29. As shown in Table A.1,
these run from Ls=162-181 and cover the period when the north polar hood
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moves in. We then can use them to bootstrap a polar wide background optical
depth for water ice.
Inspection of the CRISM observations in Table A1 shows increasing amounts of
water ice for later observations. The Phoenix observations were made in MY28,
same year as the CRISM images that used to create Figure 1, 2, 3, 4 (left) and
the fits shown in Figure 6a and b. We calculated the H2O index (which is a proxy
for the 1.5 μm band) and these are tabulated for each observation. There is no
ground ice over the Phoenix site at this time, so the signature of water ice is only
due to the north polar hood.
 
FRT # Ls H2O index Qualitative
Assessment
Derived NIR optical
depth of H2O ice
3CAB 162 0.011 No water ice signature ~0
3F9A 171 0.038 Patchy cloud apparent 0.75
419C 176 0.102 100% water ice cloud 4.5
4395 181 0.087 100% water ice cloud 3.5
Table A1 - CRISM FRT observations overlapping the north polar cap over the Phoenix
landing site in MY28, one Mars year before landing. Each spectrum was taken from the
center of each image. The landing site is located at 68.2N, 234.3E at a MOLA elevation
of -4108.660 relative to the Martian aeroid. 
In order to convert the H2O index into an optical thickness of atmospheric water
ice, we used the DISORT_multi program which is used to realistically model the
effect of water ice and dust in the Martian atmosphere on CRISM spectra
(Wiseman et al., 2014; Wolff et al., 2009). We first extracted a surface albedo
spectrum for the Phoenix landing site by running DISORT in inverse mode, and
obtained a spectrum of roughly “flat” albedo close to 0.25 and a 3 micron water
band, ubiquitous in the spectrally featureless region of Acidalia Planitia (Horgan
et al., 2009).
Using this bland spectrum as a surface albedo, and employing a lambertian
scattering assumption for the surface, we then generated artificial atmospheres
using DISORT_multi for different water ice optical depths, at 1nm resolution.
These are shown in Table A2.
Ice optical depth H2O index
0 0.008
0.05 0.017
0.1 0.018
0.2 0.021
0.25 0.023
0.5 0.027
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0.75 0.036
1.0 0.041
2.0 0.063
3.0 0.079
4.0 0.095
4.5 0.103
Table A2 – DISORT_multi runs of varying water ice optical depth and resulting H2O
index. The artificial atmospheres are generated over a featureless ground spectrum
based on the Phoenix landing site, using solar incidence angle = 75°, emission angle=1°,
phase angle =75°. 
Using the data in Table A2, we can fill out the final column in Table A1, which
assigns a derived water ice optical depth for the near infrared part of the
spectrum, where the 1.5 band is located and that we have relied upon in our
quantitative fitting in the paper. At Ls=162, the atmosphere has NIR optical
opacity of approximately 0.5, at Ls=171 this increases markedly to around 0.75,
then rapidly climbs to 4.5 at Ls=176, then back to 3.5 for Ls=181. The peak at
Ls=176 is most likely due to baroclinic cloud activity
This method does make the assumption that the north polar hood does not
increase in optical thickness from the Phoenix landing site at 68°N to the polar
cap at Point B at 85°N. MARCI images support this assertion with strong
concentrations of baroclinic waves circling around the edges of the pole, and
Figure 3c of Benson et al. (2011) also indicates that the cap is thicker at the
edges and less optically thick at the north pole, making our assumptions here
appear conservative.
Based on linear extrapolation between the derived optical depths shown in the
final column of Table A1, (assuming a steady build up of cloud optical depth from
Ls=162-171) and considering a NIR optical depth of greater than 0.25 to be
obscuring, we find that the north polar hood is obscuring in the NIR beyond
Ls=165.
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FIGURES AND CAPTIONS
Figure 1 – MARCI image of north polar cap Mars Year 28, aerocentric longitude
or Ls=130 (mid summer) showing location of CRISM spectra from Figure 4 (point
‘B’). Outermost latitude circle is 75S.
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Figure 2 – Martian year 28 northern summer H2O ice index mosaics. Note high
H2O index over the polar ice cap that decreases as summer progresses.
Outermost latitude circle is 75S.
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Figure 3 – Martian year 28 northern summer 801nm albedo mosaics. Note
albedo is relatively steady (compared to the H2O index in Fig. 3) over the polar
ice cap  and slightly increases in the last panel. Outermost latitude circle is 75S.
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Figure 4 – CRISM spectra from point B for Mars Year (LEFT) 28 and (RIGHT) 29
in summer (Ls=132-167 and 87-159). All spectra from x=550,y=550 except
Ls=160-167 which is from 550, 551 (pixels are ~180m across). Note lowest 1.5 μm
albedo (largest H2O index, marked with an arrow) is achieved both years in
Ls=132-137 period.
Figure 5 – (left) CRISM Mapping spectra H2O ice index taken from points close to
Point B from MY 28-29 during Ls=115-160 (mid-late summer). Note decrease in
H2O index from Ls=125-157 is apparent across both Mars years. (right) CRISM
spectra 800nm albedo for same locations and period.
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Figure 6a – (left) Point B spectrum from MY 28 Ls=135.25 (blue) compared with
Shkuratov reflectance models of dust mixed with water ice (red). The water ice
has grain sizes of 1350 (30%) and 25 (60%) microns. The dust is 10% of the
mixture by volume and has a grain size of 270 microns. Figure 6b (right) As for
Fig. 6a, however the season is late summer (Ls=163.85) and the fit includes
coarse grained ice of 1350 (20%) and 25 microns (70%) resulting in a higher
infrared albedo.
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